obtaining diagnostic CT images of the hepatobiliary system (1, 2) . Slip ring scanning allows continuous rotation of the x-ray tube situated in the scanner gantry and, hence, allows a rapid acquisition of large volumes of information compared with that obtained with classic single slice CT imaging techniques. Several important advantages result from this new scanning method, namely increased speed of acquiring imaging; virtual elimination of 'unscanned' areas due to variations in patient respiration; optimal use and timing of intravenous contrast administration; and acquisition of a volume of data that can more efficiently be converted to three-dimensional imaging for subsequent surgical and therapeutic planning (2, 3) .
With the advent of increased speed and flexibility, image acquisition can be achieved in a region of interest during a single breath-hold (20 to 30 s). Optimal timing of image acquisition also allows studies to be obtained in the different phases of peak arterial and venous contrast enhancement periods. This capacity allows increased lesion detection, and better visualization of arterial and venous structures in tumour encasement, with the added benefit of shorter imaging studies for the patient. Hepatobiliary imaging -Liver imaging: Lesion detection is the most frequent clinical indication for CT evaluation of liver parenchyma. Other indications, including lesion characterization and evaluation of perfusion disorders, are under clinical investigation and are beyond the scope of this article.
Conventional CT imaging and spiral CT protocols capitalize on the fact that most hepatic focal lesions are hypovascular compared with the normal liver parenchyma. Injection of iodinated contrast and scanning at peak enhancement of normal parenchyma accentuate this difference in vascularity with pathological lesions. Spiral imaging protocols offer several distinct advantages over classical CT techniques with the capacity to acquire a full examination of liver parenchyma in both peak arterial (approximately 20 s after injection of contrast) and venous enhancement phases (70 s after injection) in less time required for a single examination with the single slice method (4, 5) .
Arterial phase images offer the distinct advantage of demonstrating early arterial enhancement in certain less common lesions that receive their vascularity from the hepatic arteries directly (ie, carcinoid metastases, focal nodular hyperplasia and some hepatomas) ( Figure 1 ). Images acquired in the venous phase with spiral protocols closely resemble standard slice by slice CT images with two distinct differences: all images in spiral CT protocols are obtained in the peak 'enhancement window' (hence optimal distinction between normal parenchyma and focal lesion) and, secondarily, volume spiral acquisition virtually eliminates the possibility of 'unscanned' portions of the liver due to variations in patient respiration. Spiral CT arterial portography: CT images acquired during arterial portography studies have proved to be superior in their ability to detect focal hepatic lesions ( Figure 2 ). The main indication for these more invasive studies is the evaluation of liver parenchyma in patients with known localized hepatic metastatic disease who may be candidates for curative resection (6, 7) . Injection of iodinated contrast through a catheter placed in either the hepatic or splenic artery allows more intense enhancement of normal liver parenchyma and, hence, increased visibility of pathological nonvascular focal lesions. Spiral CT rapid acquisition allows all of the liver parenchyma to be scanned in this short 'peak enhancement window', as opposed to slice by slice protocols, where the last images may be acquired well past the peak and into the equilibrium phase of contrast enhancement.
Volume data acquisition and three-dimensional applications:
The objective of image processing and threedimensional reconstruction is to obtain the greatest amount of information possible from the data acquired by spiral CT. The three-dimensional images augment the diagnostic content of the data set compared with transverse plane images alone and can obviate the need for more invasive procedures.
Short of attaining isotropic imaging and true three-dimensional volume acquisition, spiral CT allows the acquired image data to be treated as a volume data set. Volume rendering techniques can then be used to portray images from a perspective other than the traditional two-dimensional transverse plane views. Several features of spiral CT are instrumental in allowing three-dimensional imaging. The continuous acquisition of image data is important in yielding a volume data set, as is the speed of acquisition. This allows the entire data set to be obtained during a single breath-hold -a prerequisite for valid three-dimensional reconstruction. In addition, the increased speed of acquisition allows data to be obtained during different phases of contrast administration. It is possible to synchronize acquisition with the precise occurrence of arterial and portal enhancement, leading to exquisite visualization of the different vascular structures (8, 9) . These features, coupled with the increased computing power available for postprocessing of the data, yield images rivaling angiographic images obtained through more invasive techniques.
Three-dimensional applications and clinical examples:
Precise localization of focal lesions is a common application of three-dimensional imaging in the liver. Surgical resection of colorectal metastases has become a viable treatment option, and three-dimensional imaging can help determine resectability and aid in procedure planning (10-12) ( Figures 3, 4) . Angiographic reconstruction can be obtained following either intravenous injection of iodinated contrast or intra-arterial injection (ie, arterial portography). Three-dimensional imaging can be very useful in the preoperative evaluation of lesions situated near the portahepatis or the confluence of the subhepatic veins. Precise determination of portal vein, hepatic artery and biliary tree involvement is essential in planning resection of primary and metastatic tumours of the liver. Cholangiographic reconstructions can be obtained by exploiting the difference in appearance of the bile ducts compared with that of the surrounding, enhancing structures following intravascular administration of iodinated contrast. Although intravenous injection, three-dimensional processing may eventually replace angiography for certain pathologies, it can also be used in conjunction with intra-arterial, percutaneous and/or endoscopic administration of contrast to obtain volumerendered images. Bile ducts -Spiral CT cholangiography: The rapid acquisition of large volumes of imaging information afforded by spiral imaging can be used for imaging patients with right upper quadrant pain. Thin slice volume acquisition of the biliary system after administration of intravenous cholangiographic contrast may offer a valuable alternative to patients who have difficult anatomy and, hence, are not candidates for endoscopic retrograde cholangiopancreatography (ERCP) and who cannot tolerate magnetic resonance cholangiography (ie, claustrophobia). Several recent studies have documented the ability of spiral intravenous cholangiography to demonstrate clearly the normal anatomy as well as pathological entities such as cholelithiasis, choledocholithiasis and a variety of neoplastic entities in the pancreaticoduodenal region (13) (Figures 5,6 ). Addition of three-dimensional reconstruction allows pathological entities to be seen in an image format, which facilitates interpretation for the radiologist and the treating physician because these images closely resemble ERCP-generated studies. Again, the rapid acquisition of volume data allows the bile ducts to be studied adequately in one or two short (20 to 30 s) breath-hold sequences.
More recently, unenhanced helical CT has been advocated for evaluating patients with suspected choledocholithiasis. In a study that used ERCP as the standard of reference, comprising 51 patients, unenhanced helical CT had a sensitivity of 88%, a specificity of 97% and an accuracy of 94% in diagnosing common bile duct (CBD) stones (14) (Figures 7,8 ). Pancreas -Pancreatic tumour staging: Pancreatic adenocarcinoma is an almost uniformly fatal disease; only a small minority of patients have resectable disease and, hence, hope for an extended survival. Preoperative staging of this neoplastic process is fraught with difficulty because of two major limiting factors -the inability to judge accurately tumour invasion or encasement of important vascular structures in the vicinity of the tumour and the sometimes subtle extension of tumour to surrounding peripancreatic structures. Classically, angiography has been touted as the 'gold standard' for vascular involvement but has proved to be of limited usefulness in cases of subtle invasion and particularly less helpful for assessment of portal vein involvement due to the sometimes suboptimal opacification of portal venous structures. Angiographic studies also add little useful information with regard to local tumour extension into surrounding areas, which can exclude patients from a curative resection.
Rapid acquisition CT spiral volume data in both arterial and portal phases may offer a new 'gold standard' for tumour extension in these patients (15) . Arterial acquisitions allow accurate assessment of any outright encasement or more subtle cases of vascular involvement by the tumour process. In addition, the arterial phase allows clear distinction between normal and pathological pancreatic tissue, and may demonstrate tumour extension in the peripancreatic tissues. A second acquisition in the portal venous phase allows accurate assessment of tumour involvement of the critical portal venous structures. In contradistinction to angiographic studies, adequate opacification of portal venous structures is easier to achieve with spiral CT studies because of the superior contrast sensitivity of computed tomography. Added benefits of a two-phase, spiral CT acquisition include the assessment of metastatic disease to the liver, and evaluation of the presence of significant adenopathy or ma-lignant ascites. Reconstruction of the axial images into three-dimensional angiographic images offers another important benefit of spiral CT imaging. Pancreatic three-dimensional imaging: In pancreatic disease, three-dimensional imaging is most useful in tumour staging and evaluating resectability. The ability to recon- Figure 9 ). The three-dimensional images compare well with traditional angiographic images and may allow patients to avoid more invasive procedures. Tumours of the periampullary region can invade the mesentericportal vein confluence. The degree of invasion is often difficult to assess on axial CT images as well as on traditional angiographic studies of the portal system. Three-dimensional reconstructions of the portal and superior mesenteric veins can display the vessel contours in exquisite detail and show subtle tumour invasion. Vascular mapping and identification of common anatomical variants can be easily accomplished by three-dimensional reconstruction of data obtained from spiral CT. Essentially, three-dimensional reconstructions improve the evaluation of the arterial and portal venous systems in the preoperative assessment of both benign and malignant pancreatic disease.
MRI OF THE PANCREAS AND BILIARY TREE Introduction to MRI:
Until recently, MRI has played only a minor role in the evaluation of patients with suspected pancreatic or biliary tract disease due to several technical limitations. However, recent advancements in imaging protocols have resulted in improved resolution (19) , permitting evaluation of many neoplastic, inflammatory and congenital diseases of the pancreas and biliary system.
MRCP allows direct visualization of the biliary tree and pancreatic duct, similar to contrast cholangiography. The principle of MRCP is based on the acquisition of a heavily T2-weighted pulse sequence, which results in solid organs and moving fluids having a low signal intensity, whereas stationary fluids, including bile, have a relatively high signal intensity. It provides both high quality cross-sectional images of extraductal structures, and projectional (coronal) images of the biliary tree and pancreatic duct in a noninvasive examination that does require the administration of contrast material (20) . It is in this respect that MRCP has the poten-tial of replacing more traditional ways of imaging the pancreaticobiliary system, rather than adding to the already existing battery of available imaging tests.
Contrast agents such as gadolinium (gadolinium diethylene triamine penta-acetic acid [Gd-DTPA]) and manganese (manganese N,N'-bis-[pyridoxal 5-phosphate]ethylenediamine-N,N'-diacetic acid) chelates can be used for visualization of the intra-and extrahepatic bile ducts, gallbladder and pancreas with conventional MRI sequences (21, 22) . Oral contrast agents may also be used to provide contrast between the duodenum and pancreas (19) . cystic and hepatic ducts in 25% and an aberrant right main hepatic duct in 9%. This group of investigators found MRCP to be highly accurate in diagnosing these anatomical variants. Pancreas divisum can be visualized on MRCP as a larger dominant dorsal pancreatic duct seen from the body to the head of the pancreas, crossing anteriorly to the CBD and draining separately and superiorly to the CBD ( Figure 10 ). Visualization of the separate ventral duct draining into the major papilla is useful but not necessary for diagnosing pancreas divisum. The calibre of the ventral duct should be less (24) . Until recently, pancreas divisum had only been reliably diagnosed by ERCP. In a series of 108 case studies imaged with MRCP where correlation with ERCP was available, all six cases of pancreas divisum were correctly identified, with no false positives or false negatives (25) .
Other anomalies of the pancreaticobiliary junction include malunion of the pancreatic duct and CBD. MRCP was found to be effective in detecting anomalous pancreaticobiliary junctions in 82% of cases in a study comprising 159 patients (26) . MRCP can also be useful in the diagnosis of rare anomalies such as annular pancreas, or partial or complete agenesis of the pancreas. MRCP combined with conventional MRI sequences has been reported to be as effective as ERCP in the detection of these anomalies (27, 28) . The biliary tree -Presence, location and cause of bile duct obstruction: Previous studies using MRCP to detect bile duct obstruction have demonstrated the presence of obstruction in 91% to 100% of cases (29, 30) and have been able to locate the level of obstruction in 91% to 100% (29, 31) . In addition, the bile duct distal to the site of obstruction was visualized in all patients in one study comprising 126 cases (29) .
In distinguishing between a benign and malignant cause of bile duct obstruction, MRCP has been shown to have a sensitivity of 81% to 100% and a specificity of 92% to 100% (29) (30) (31) (32) . Guibaud et al (29) were able to characterize correctly the type of tumour in nine of 14 patients. This accuracy can be improved by the addition of contrast-enhanced conventional MRI sequences to the MRCP technique. Biliary stones: Choledocholithiasis presents as an area of low signal within the bile ducts on MRCP, with a characteristic meniscus sign ( Figure 11 ). However, this appearance is nonspecific, and other substances such as blood, proteinaceous debris, a polypoid mass or pneumobilia can mimic the presence of calculi (33) . The differential diagnosis of pneumobilia and choledocholithiasis can be made by carefully observing axial MRIs in which air bubbles float anterior to bile and calculi lie in the dependent portion of the bile duct (34) . However, this limitation also holds true for ERCP, where the differentiation of CBD stones from air bubbles is a common pitfall. To avoid the presence of pneumobilia, it is advisable that MRCP be performed before diagnostic ERCP or endoscopic sphincterotomy.
While ERCP remains the gold standard for diagnosing CBD stones, recent studies have examined the role of MRCP in the diagnosis of choledocholithiasis. MRCP diagnosed choledocholithiasis with a sensitivity of 81% to 92%, a specificity of 91% to 98% and an overall diagnostic accuracy of 94% to 97% (29, 31, 32, 35, 36) . MRCP may be useful when ultrasonography fails to detect stones despite a high clinical suspicion and to avoid ERCP unless necessary for therapeutic management. MRCP can also be useful after unsuccessful or incomplete ERCP (19) , or in patients in whom there is an increased risk of complications from ERCP (33) . Bile duct injury: With the advent of laparoscopic cholecystectomy as the procedure of choice for patients with cholelithiasis, there has been an increase in the complication rate by up to 0.6% -as much as twice that of open cholecystectomy. The most common contributing factor to bile duct injury is aberrant bile duct anatomy -in particular aberrant right hepatic duct insertion in the common hepatic or cystic duct (up to 4% of patients) or medial insertion of the cystic duct into the CBD (12% of patients) (37,38) ( Figure  12) .
ERCP is the modality of choice to demonstrate bile leaks and bile duct injury. MRCP cannot demonstrate the actual leak but can only show a fluid collection in the gallbladder bed. MRCP most likely has little role in the diagnosis and management of simple leaks; however, for more complex leaks (eg, one or more excluded hepatic segments following complete transection of an aberrant right intrahepatic duct draining into the CBD), MRCP is the technique of choice. Surgical options depend on the distance between the proximal end of the lesion and the porta hepatis -information that is readily obtained by MRCP. When the injury involves one of the intrahepatic bile ducts, the unopacified bile duct segment can be overlooked with ERCP, whereas with MRCP, the presence of an excluded segment can be easily diagnosed and the associated dilation of the excluded bile duct can be seen. MRCP and ERCP appear to be complementary modalities in the diagnosis and management of biliary complications of cholecystectomies, depending on the type of leak that is present (20) . Postoperative pancreaticobiliary anatomy: After a Whipple's procedure or roux-en-Y anastomosis, ERCP is technically very difficult and often cannot be performed successfully. In these cases, MRCP may be useful for visualization of the bile ducts and pancreatic duct proximal to the anastomosis (20) . In a study comprising 35 patients who had previously undergone resection of the pancreas, MRCP was shown to be useful for follow-up screening tests in this patient group (39) .
Sclerosing cholangitis:
In patients with primary sclerosing cholangitis (PSC), once the large ducts are involved, the study of choice for establishing the diagnosis is cholangiography. A recent small study showed that PSC may have characteristic findings on MRCP that may have a role in the diagnosis of this disease (40) (Figure 13 ). Patients with PSC are at increased risk for developing cholangiocarcinoma and require regular follow-ups to monitor for signs of malignancy. In a small group of patients with PSC and known cholangiocarcinoma, a retrospective study showed definite or probable cholangiocarcinoma in six of six patients studied with conventional MRI sequences (34) . Caroli's disease: Caroli's disease is characterized by saccular ectasia of the intrahepatic bile ducts and may involve the entire liver or be confined to a single segment. Several imaging modalities, including CT, ultrasonography and conventional MRI can demonstrate the bile duct cysts as fluidcontaining structures; however, direct cholangiography may be needed to show the communication between the cystic dilations and the biliary system and to define more accurately the type of cystic disease. In many patients, there is an increased risk of bacterial cholangitis with ERCP and percutaneous transhepatic cholangiography (PTC); however, MRCP can clearly demonstrate these bile-filled cystic dila- Bottom Gadolinium-enhanced T1-weighted spin-echo image shows to better advantage than MRCP the tumour spread along the bile ducts (small arrows). Compare this appearance with the uninvolved bile ducts whose walls (arrowheads) are almost imperceptible tions (41) and provide comparable images to direct cholangiogram in a few select cases that have been studied (42, 43) . Cholangiocarcinoma: Although cholangiocarcinoma can usually be diagnosed using ultrasonography or CT, conventional MRI permits better detection and delineation of intrahepatic tumour extension than do contrast-enhanced CT images (44) . The assessment of tumour extension along the bile ducts generally requires direct cholangiography. ERCP and PTC are limited in this application because ERCP cannot delineate the bile ducts proximal to the site of a total obstruction and PTC may incompletely map the bile ducts proximal to the lesion. The advantages of MRCP in this situation include its ability to provide a detailed map of the biliary tree anatomy and that it may provide more information than that available with ERCP or PTC. MRCP can also be used in the evaluation of hilar cholangiocarcinoma to determine the proximal extent of the disease, assessment of resectability and delineation of the duct both proximal and distal to the stricture and isolated bile duct obstructions (45) . The coronal three-dimensional maximum intensity projection reconstructions simulate the images obtained on direct cholangiography and facilitate the identification of the various intrahepatic bile duct segments (Figure 14, top) . The three-dimensional images provide information that is useful in planning surgery, palliative drainage and radiation therapy. As well, contrast-enhanced MRI sequences are suited for evaluation of tumour extension along the intrahepatic bile ducts (Figure 14 , bottom) (20) . Patients can be spared invasive procedures by the correlation of images of dilated ducts on MRCP and hepatic parenchyma on conventional MRI, which allows planning of optimal drainage by avoiding the drainage of atrophic segments. Complete staging, which includes involvement of liver, portal nodes or the portal vein, can be determined (20) . Ampullary carcinoma: Ampullary carcinomas, especially when intraductal, remain a challenge for MRCP. ERCP allows an endoscopic view of the ampulla and permits biopsy of any suspicious lesions. In a series of six surgically proven ampullary carcinomas diagnosed by MRCP from a group of 79 patients presenting with bile duct obstruction, only two cases of ampullary carcinoma were correctly diagnosed (Figure 15 ). Although future improvements in technique may permit better visualization of the ampulla by MRCP, the major papilla is currently visible in only 40% of patients on MRCP (20) . Pancreatic disease -Acute and chronic pancreatitis: In the diagnosis of acute pancreatitis, CT has been the imaging modality of choice to confirm the diagnosis and to look for potential complications used in planning the management of the patient (19) . In a study that compared results in 32 patients with severe acute pancreatitis imaged with dynamic contrast-enhanced MRI and contrast-enhanced CT, it was found that MRI and CT were equivalent in distinguishing viable pancreatic tissue from areas of necrosis. While MRI appeared to be superior in characterizing the contents of fluid collections and in demonstrating gallstones, CT was more effective in detecting flecks of gas and calcification (46, 47) .
Complications of acute pancreatitis such as pancreatic necrosis and acute hemorrhagic necrotizing pancreatitis can be imaged using contrast-enhanced MRI. While CT with contrast has been the imaging modality of choice for this diagnosis in the past, the iodinated contrast material puts these patients, who are often dehydrated, at increased risk for nephrotoxicity (48) . As well, it has been shown that CT contrast material can increase the severity of necrotizing acute pancreatitis by aggravating further the impairment of pancreatic capillary blood flow. In animal studies, it has been demonstrated that the MRI contrast medium Gd-DTPA does not further impair pancreatic microcirculation or increase acinar injury in acute necrotizing pancreatitis (49) .
Performing a diagnostic ERCP in the setting of acute gallstone pancreatitis remains controversial despite a randomized, clinical trial that demonstrated the benefit of performing an early ERCP and endoscopic sphincterotomy (50) . However, complications with ERCP are encountered more frequently in patients with underlying pancreatitis (51) . A more recent study showed no benefit of ERCP in patients unless they had continued jaundice or cholangitis (52) . In this setting, MRCP may be particularly helpful, with positive cases referred for endoscopic stone removal and negative cases with a low clinical suspicion for gallstone pancreatitis requiring no further investigation (Figure 16 ). In chronic pancreatitis, MRI can demonstrate fibrosis and ductal abnormalities such as strictures, dilations and calculi. Intraluminal filling defects, which in the case of intraductal calculi are pathognomonic for chronic pancreatitis, can be accurately depicted with MRCP (53) (Figure 17 ). The sensitivity of MRCP in one study comprising 37 patients is 87% to 100% for duct dilation, 75% for ductal narrowing and 100% for ductal calculi (54) . The administration of exogenous secretin before imaging with MRCP may be of benefit in the diagnosis of early disease in patients with chronic pancreatitis (55) .
Once chronic pancreatitis has been diagnosed, the role of pancreatography is to assess disease progression, plan therapy and monitor progression. MRCP can readily be used to visualize the complications of chronic pancreatitis such as pseudocysts, intraductal obstruction by stones and bile duct dilation (Figures 17,18 ). Soto et al (56) used MRCP as the only pancreatographic technique in the successful surgical management of a small group of selected patients.
One of the critical issues in assessing pancreatic collections is to determine the best management for drainage. New techniques have allowed increasing numbers of percutaneous or endoscopic drainage, thus avoiding surgery in these patients. An important impediment to nonsurgical drainage, however, is the presence of residual necrotic debris in the fluid collection that significantly increases the risk of serious infection. In a study involving 18 patients, MRI correctly identified 100% of lesions that contained solid necrotic debris more than 1 cm in diameter and 100% of lesions that did not, which was superior to both ultrasonography (88% and 54%) and CT (25% and 100%) (57) . Another potential use of MRI is in the differentiation of idiopathic from alcoholic chronic pancreatitis. In small groups of patients, autoimmune pancreatitis and nonalcoholic duct destructive chronic pancreatitis have been shown to have characteristic findings on MRI, which may be useful in the diagnosis of these entities (58, 59) . Pancreatic neoplasms: While CT has been the imaging modality of choice in routine clinical evaluations of pancreatic neoplasms, newer MRI sequences have been shown to be superior in both detecting and defining local tumour extension. Studies have found the sensitivity for tumour detection to be 69% to 74% for CT and 83% to 87% for MRI (60, 61) . For tumours smaller than 3 cm, MRI had a sensitivity of 67%, and CT had a sensitivity of 53% (60) . One of the factors that correlates with patient outcome is tumour size; patients with small (smaller than 2 cm) carcinomas can have up to a 30% five-year survival rate. One area where MRI may have an advantage over CT is in the detection of these small lesions (62) (Figure 19 ).
According to the report of the Radiology Diagnostic Oncology Group, published in 1995 (63), the accuracy for correctly assessing resectability of pancreatic cancer was found to be 73% for CT and 70% for MRI. This paper recommended the use of CT as the first choice in the imaging of pancreatic carcinoma. However, newer imaging sequences and the use of contrast agent administration in MRI have allowed conclusive diagnostic information when CT results were inconclusive (64). Ichikawa et al (65) retrospectively compared 21 patients in which both MRI and CT were used to evaluate tumour detection, local tumour extension and vascular involvement. A tumour was detected in 90% of MRI images and in 76% of helical CT scans. In a recent study, a combination of conventional MRI, MRI angiography (MRA) and MRCP in 23 patients with suspected pancreatic adenocarcinoma permitted correct assessment of resectability status in 22 of 23 patients (66) . Similarly, a study using the same approach demonstrated MRI to be more accurate than other staging methods (ultrasonography, CT or angiography) in determining resectability (67) . Other studies have found MRA to have a similar diagnostic value to that of the more invasive procedure of angiography (68) . Advantages and limitations: A clear advantage of MRCP over ERCP is its lack of invasiveness. No adverse effects are encountered with MRI if patients are adequately screened for contraindications. In addition, routine sedation is not required with MRCP. MRCP is not operator dependent and can be easily implemented on most midfield or high field MRI scanners. The rate of failure of MRCP (due to contraindications and claustrophobia) is less than that of ERCP (31) . In studies involving patients who had failed attempts at ERCP, for example due to altered anatomy after operation, follow-up MRCP provided diagnostic quality images in all patients (56, 69) . MRCP allows visualization of the biliary tree and pancreatic duct both proximal and distal to the site of obstruction. This is particularly relevant in cases of multi-ple bile duct strictures, where a complete cholangiogram is needed to plan optimal therapeutic intervention. Image postprocessing, including multiplanar reformatting and three-dimensional reconstruction, allows MRCPs to be viewed in any desired imaging plane.
A current limitation of magnetic resonance cholangiography is the relatively low spatial resolution, which limits Figure 19 ) Magnetic resonance cholangiopancreatographic (MRCP) and conventional magnetic resonance images showing pancreatic adenocarcinoma. Top Coronal maximum intensity projection. There is dilation of the common bile duct (CBD) and pancreatic duct (PD), with a cutoff distally (reverse double duct sign). Bottom Gadolinium-enhanced T1-weighted gradient-echo image. There is a hypovascular mass (arrow) in the uncinate process of the pancreas proved to be an adenocarcinoma at surgery. Note the intense enhancement of the surrounding normal pancreatic parenchyma. GB Gallbladder the visualization of nondilated pancreatic duct side branches, the characterization of strictures and the detection of CBD stones less than 4 mm in diameter (29) . Signal loss from surgical clips after cholecystectomy may be seen with MRCP, although this rarely interferes with diagnostic accuracy. Finally, MRCP remains a diagnostic tool that cannot be used to provide therapeutic intervention, and most positive MRCP examinations require ERCP for definite treatment.
There are some contraindications to MRI, mostly related to the effect of the magnetic field on ferromagnetic objects. Absolute contraindications are cardiac pacemakers, due to the interference with pacemaker functioning in a strong external magnetic field and metallic ocular foreign bodies. In addition, certain models of cerebral aneurysm clips, ocular or cochlear implants, cardiac prosthetic valves, neurostimulators and penile implants are deflected by the magnetic field. A certain number of patients are not able to undergo MRI because of severe claustrophobia (20) .
ERCP has several advantages, including the unparalleled resolution obtained with this technique and the ability to institute therapeutic measures at the time of initial diagnosis. However, the procedure is associated with a morbidity and mortality of 4% and 0.4%, respectively, as reported in a recently published multicentre study (70) . ERCP is also highly operator dependent, with unsuccessful cannulation of the CBD or pancreatic duct occurring in 5% of cases (70) . Also, there is limited or no opacification of ducts proximal to a severe or complete obstruction, and the procedure requires routine sedation. ERCP is a relatively expensive technique when used for diagnostic purposes alone (71) . A clear advantage of ERCP over MRCP is the ability to visualize the ampulla at endoscopy and to perform biopsies where indicated. Conclusions: MRCP is an important addition to more conventional MRI of the pancreaticobiliary system. It is too early to predict whether MRCP will be able to substitute for diagnostic ERCP routinely; however, it can clearly provide valuable information in patients for whom ERCP is unsuccessful or inadequate. To date, only preliminary results are available regarding the diagnostic accuracy of MRCP, and larger clinical trials are required. If the accuracy of MRCP approximates that of ERCP, cost effectiveness and outcome analysis studies will be needed to address the role of both techniques in the management of patients with suspected pancreaticobiliary disease. MRCP may be of use as a screening tool in determining which patient populations require invasive procedures such as ERCP or PTC for therapeutic means. It may also play a role in planning therapeutic drainage manoeuvres by providing more complete information on the ductal anatomy distal to the obstruction.
SPIRAL CT COLONOGRAPHY FOR DETECTION
OF COLORECTAL POLYPS Introduction to spiral CT colonography: Colorectal cancer is the second most common cause of cancer-related deaths in the United States (72) . It is widely held that adenomatous polyps are the precursors of colorectal cancer and that re-moval of premalignant polyps decreases the incidence of colorectal cancer (73, 74) . Barium enema and colonoscopy are two examinations that permit examination of the entire colon, with the highest accuracy rate obtained with colonoscopy. Although colonoscopy provides a means for both diagnostic screening and therapeutic intervention for removal of colonic polyps, it is invasive and the majority of patients with average risk have negative results (75) . Spiral CT colonography is a rapidly evolving technology that provides a noninvasive examination of the entire colon with a spectrum of two-dimensional and three-dimensional visualization techniques (76) (77) (78) (79) (80) (81) (82) (83) (84) . With the continued advances and increasing availability of spiral CT, a dramatic improvement in the ability to acquire high resolution body CT scans has been achieved in routine clinical settings. These advances in data acquisition, coupled with improved computer graphics, have led to the interactive computersimulated visualization of the mucosal surface of the colon for polyp detection using spiral CT ('virtual colonoscopy'). Technical considerations: This spiral CT technique requires optimization of image acquisition, reconstruction and image processing for three-dimensional display. Image acquisition with spiral CT requires patients to undergo a routine bowel preparation before the scan. The patient is placed on the CT table, and air is insufflated per rectum. With single detector spiral CT scanners, a 30 to 40 s breath-hold acquisition of the abdomen and pelvis is acquired to image the entire colon. The images are typically acquired with 5 mm collimation and a pitch of 1.4 to 1.6 (table increment/collimation) -similar to routine abdomen protocols. Both prone and supine images are performed to achieve the best colonic distention of all colonic segments and decrease the impaired visualization from retained fluid. After CT acquisition, the patient is finished and can proceed directly to colonoscopy.
After image acquisition, image reconstruction of the data is performed to provide the resolution required for three-dimensional image display. Overlapping transaxial images are reconstructed at thin intervals of typically 1 to 2 mm compared with 5 to 7 mm in routine abdominal CT scans, thus generating a volumetric data set for high resolution two-dimensional and three-dimensional display. The volumetric data set is then transferred to a three-dimensional workstation for interactive viewing.
Multiple image display techniques are available to view the colon. Typically, two-dimensional multiplanar reformations (2D MPR) provide a time efficient survey of the entire colon, with simultaneous viewing of the axial, sagittal and coronal two-dimensional planes from an extraluminal orientation. The rapidly developing technique of threedimensional perspective volume rendering (3D PVR) applies multiple parameters, such as colour assignment and a diverging light source, to permit the endoscopic-like view of the colonic mucosal surface (76, 80) . A field of view can be chosen in the 2D MPR, and the corresponding endoscopic 3D PVR view can be visualized interactively. Figures 1 and 2 illustrate the visualization of a small polyp and a cancer with the use of these two-dimensional and three-dimensional dis-plays, respectively. Thus, different two-dimensional and three-dimensional displays allow seamless interaction of soft copy review to allow both intraluminal and extraluminal vantage points (Figures 20,21) . Accuracy of spiral CT colonography: To date, multiple institutions are investigating three-dimensional spiral CT techniques for detection of colorectal polyps. Published studies to date have established the feasibility of visualization of colonic polyps with a variety of both two-dimensional and three-dimensional techniques in phantom and limited patient investigations (76) (77) (78) (79) (80) (81) (82) (83) (84) (85) (86) . To date, only a few prospective clinical studies have been published. In one series, 44 patients were evaluated with spiral CT, with a total of 22 polyps confirmed at colonoscopy and evaluated independently by two radiologists (81) . In this series, analysis by patient showed that the sensitivity ranged from 38% to 50% and that the specificity ranged from 86% to 93%; analysis by polyp size showed that the sensitivity ranged from 83% for polyps 8 mm or greater (n=6), 33% for polyps 5 to 8 mm (n=3) and 0% to 15% for polyps 5 mm or smaller (n=13) (81) . In another study of 70 patients with entrance criteria of either surveillance of prior polyps or known current polyps, 115 polyps were evaluated independently by two radiologists (78) . In this series, analysis stratified by polyp size showed that the sensitivity ranged from 67% to 73% for polyps 10 mm or larger (n=15), 56% to 69% for polyps 5 to 9 mm (n=21) and 25% to 27% for polyps smaller than 5 mm (n=79). The positive predictive value (true posi- tive ÷ true positive + false positive ratio) ranged from 35% in the intermediate polyps to 69% in the large polyps (78) . In addition to polyp detection, previous studies have shown preliminary results for spiral CT in the detection of colorectal cancers. In a series of 20 patients suspected to have colorectal cancer, 20 masses (defined as larger than 2 cm) were correctly identified by spiral CT (79) . Adequate insufflation of air beyond the mass was permitted, and complete CT examinations could be performed in 18 of the 20 patients, whereas a complete colonoscopy could be performed in only 12 patients. Advantages and limitations: The advantages of these techniques for the patient include the lack of sedation and the noninvasive, rapid scan acquisition. These factors impart the potential for increased patient compliance for colonic screening. The technical advantages include the ability to reach the cecum in normal cases and to image the colon beyond an obstructing mass in the majority of cases. One of the most powerful imaging advantages is the fluid interactive visualization of the three-dimensional intraluminal viewpoint referenced with the corresponding extraluminal viewpoint in the 2D MPR. Anatomical orientation can be difficult for the endoscopist who is confined to an intraluminal view in a redundant colon. In addition, these techniques have the potential to quantify morphometric characteristics of the colon, such as length, diameter and wall thickness (82) .
The disadvantages of three-dimensional imaging techniques in the past have been expense and lack of clinically practical protocols. However, recent advancements in computer technology have markedly driven down hardware costs of workstations, while maintaining equal or improved performance in rendering speed and spatial resolution. In the past, hardware requirements for a three-dimensional workstation ranged in excess of US$150,000. Recently, however, workstations with similar capabilities are now available for less than US$15,000. For colonic applications, technical difficulties include inadequate insufflation or retained fluid, which can prevent adequate visualization of some colonic segments. Prone and supine imaging, along with the use of smooth muscle relaxants, can help overcome these difficulties in most patients. Another limitation is the time needed to navigate through the colon in a continuous fashion. The automation of creating a central axis or through the lumen of the colon for the virtual examination is under investigation (82, 84, 87) . Spatial resolution of the mucosal surface detail is still a limitation. Although morphological contours of pedunculated polyps can be distinguished, the spatial resolution of the mucosal surface of flatter lesions is not possible. With improvements in CT acquisition, the ability to obtain subcentimeter slice thickness for improved spatial resolution is a future potential; however, radiation dose issues will have to be overcome. Future technological advancements: There are several areas of rapid technological advancement in spiral CT colography. Stool tagging techniques are undergoing clinical trials that employ commercially available stool preparation kits (E-Z-EM, Inc, USA). Patients ingest an oral sodium phosphate preparation along with an oral iodinated contrast agent before the CT examination, and then specialized CT stool substraction protocols are applied to the CT data to subtract the contrast-enhanced stool from the luminal contents of the colon (88) . Further investigation is necessary to determine whether the conventional bowel preparation can be eliminated for improved patient compliance. Computer-aided diagnosis techniques are being explored to aid the radiologist in the detection of focal wall abnormalities (84) . Continued advancements in the three-dimensional image display techniques have recently introduced digitally flattened views (89) and panoramic views (90) , which ease the field of view restraints when confined to the intraluminal perspective. Further automation of real time auto navigation through the three-dimensional endoscopic mode are also being developed (82, 84, 87) .
The future of these techniques for the examination of the colon and other anatomical regions requires close collaboration among radiologists, computer scientists and the subspecialty referral physicians. Prospective trials comparing diagnostic performance between CT and endoscopy are needed to determine clinical utility. If proven accurate for the detection of colonic polyps, spiral CT colonography has the potential to improve patient compliance for colon cancer screening or surveillance.
